DNA sulfur modification is a unique modification occurring in the sugar-phosphate backbone of DNA, with a nonbridging oxygen atom substituted with sulfur in a sequence-specific and Rp stereo-specific manner. Bioinformatics, RNA-seq, and in vitro transcriptional analyses have shown that DNA sulfur modification may be involved in epigenetic regulation. However, the in vivo evidence supporting this assertion is not convincing. Here, we aimed to characterize two sulfur-modified sites near the dndB promoter region in Streptomyces lividans. Single mutation of either site had no effect on dndB transcription, whereas double mutation of both sites significantly elevated dndB expression. These findings suggested that DNA sulfur modification affected gene expression, and the role of DNA sulfur modification in epigenetic regulation depended on the number of sulfur-modified sites. We also identified an inverted repeat, the R repeat sequence, and showed that this sequence participated in the positive regulation of dndB gene expression.
INTRODUCTION
DNA sulfur modification, in which a nonbridging oxygen atom in the sugar-phosphate backbone is replaced by a sulfur atom , is widespread across bacteria and archaea Ou et al., 2009 ). Sulfur modification is governed by the five-gene cluster dndABCDE (Zhou et al., 2005) , which was first identified in Streptomyces lividans. To date, the dnd gene cluster has been detected in 1349 bacterial and archaeal strains (Tong et al., 2018) . dndBCDE is cotranscribed , and dndA and dndCDE are essential for DNA sulfur modification, because deleting dndA, dndC, dndD, or dndE abolishes DNA sulfur modification . DndA protein has L-cysteine desulfurase activity and assembles the 4Fe-4S cluster of DndC (You et al., 2007) . Additionally, DndB is a negative regulatory protein that binds to the dndB promoter region (Cheng et al., 2015; He et al., 2015) . DndC possesses ATP pyrophosphatase activity and has high sequence homology with phosphoadenosine phosphosulfate reductase. DndD acts as an ATPase and may be required for introducing nicks in DNA during sulfur incorporation (Yao et al., 2009) . DndE is a tetramer sensitive to nicked double-stranded DNA (Hu et al., 2012) .
DNA sulfur modification occurs in an R p stereo-specific , sequence-selective (Dyson and Evans, 1998; Liang et al., 2007; Wang et al., 2011) , low-frequency manner (Cao et al., 2014a) . In S. lividans 1326, sulfur-modified d(GpsG), at a frequency of 471 ± 39 per 10 6 nt, has been identified within the conserved sequence GGCC (Wang et al., 2011) ; in Escherichia coli B7A, sulfur-modified d(GpsA) and d(GpsT) located within the consensus sequences GAAC and GTTC have been identified at frequencies of 370 ± 11 and 398 ± 17 per 10 6 nt, respectively (Wang et al., 2011) ; and in Vibrio cyclitrophicus FF75, sulfurmodified d(CpsC), at a frequency of 2624 ± 22 per 10 6 nt, has been identified within the conserved motif CCA (Wang et al., 2011) . Incomplete modification is observed for E. coli B7A and V. cyclitrophicus FF75. Only 12% of GAAC/GTTC sites on the genome are sulfur-modified in E. coli B7A, and 14% of CCA sites on the chromosome are sulfur-modified in V. cyclitrophicus FF75 (Cao et al., 2014a) .
DNA sulfur modification has been found to be a restrictionmodification system, in which the products of dndABCDE genes are responsible for the modification, and the products of dndFGH genes function as the restriction component to recognize and cleave foreign DNA (Xu et al., 2010; Cao et al., 2014b; Gan et al., 2014) . Moreover, 54.4% of 1349 identified dnd gene clusters possess both the modification component and the restriction component (Tong et al., 2018) . Without DNA sulfur modification, DNA is vulnerable to attack from the restriction component. Thus, the restriction-modification system can protect the strain from foreign infection, such as phage infection.
We previously identified DNA sulfur modification as an antioxidant system, in which sulfur-modified DNA scavenged different types of peroxides, such as hydrogen peroxide (Xie et al., 2012) , organic hydroperoxide (Dai et al., 2016) , and hydroxy radical (Yang et al., 2017) , and strains possessing DNA sulfur modification were resistant to peroxide treatment.
Methylated DNA can affect the helicity of DNA, indicating the association between DNA helicity and function (Vargason et al., 2000 (Vargason et al., , 2001 . X-ray crystallography analyses have suggested that there are three basic types of helices, namely, A-, B-, and Z-helix (Saenger et al., 1986; Schneider et al., 1997; Svozil et al., 2008) . B-helix, which are the most prevalent in the DNA double-helix structure, are destabilized by DNA sulfur modification Chen et al., 2015) . Thus, DNA sulfur modification may be involved in epigenetic regulation. Indeed, RNA-seq analyses and in vitro transcriptional analyses by Tong et al. revealed that DNA sulfur modification could affect epigenetic control (Tong et al., 2018) .
DNA sulfur modification is partial at genomic sites in E. coli B7A and V. cyclitrophicus FF75 (Cao et al., 2014a ), indicating regulation of the level of DNA sulfur modification. Indeed, in Salmonella enterica, DndB protein negatively FIGURE 1 | Characterization of DNA sulfur-modified sites near dndB promoter region. (A) Potential DNA sulfur-modified sites near dndB promoter region. Sequences of 14 putative DNA sulfur-modified sites are aligned, and the consensus contexts are in bold. (B) To characterize DNA sulfur-modified sites near dndB promoter region, Genomic DNA from 1326, HXY2, and HXY6, was digested by SmaI or XhoI, then treated with PAA, separated on 0.7% agarose gel, and finally characterized using Southern blotting. "−" indicates without PAA; "+" indicates with PAA added. DNA markers for agarose gel electrophoresis are labeled as "M1"; DNA markers for Southern blotting are labeled as "M2."
regulates the transcription of dndBCDE by binding to two direct repeats in the dndB promoter region, each containing the sequence TACGN(10)CGTA (He et al., 2015) .
In this study, we evaluated the correlation between sulfurmodified sites and gene regulation in vivo by analyzing the effects of sulfur modification near the dndB promoter region on dndB gene expression. Our results suggested that DNA sulfur modification was involved in epigenetic regulation. Moreover, we also identified an inverted repeat sequence, the R repeat sequence, and showed that this sequence participates in the positive regulation of dndB gene regulation.
MATERIALS AND METHODS

Bacterial Strains, Plasmids, and Primers
Bacterial strains, plasmids used in this study are listed in Supplementary Table S1 . E. coli strains were cultured in LuriaBertani medium at 37 • C. SFM agar medium was used for sporulation of Streptomyces strains and for conjugation between E. coli ET12567/pUZ8002 and Streptomyces (Kieser et al., 2000) . For isolation of DNA or RNA from Streptomyces, the rich liquid medium 34% TSBY (30 g/L tryptic soy broth, 5 g/L yeast, 340 g/L sucrose) was used. Streptomyces strains were grown at 30 • C. Ampicilin and apramycin were added to the medium at final concentrations of 100 and 30 µg/mL, respectively.
Primers used in this study are listed in Supplementary  Table S2 .
Mutagenesis of DNA Sequence and the Assay of Catechol 2,3-Dioxygenase Activity DNA sequence was mutated according to the following procedures. First, a high-fidelity PCR reaction was performed in a mixture of 50 µL containing 50 ng of template DNA, 1x HF buffer, 50 µM dNTP, 6% DMSO, 1 µM primer pair, 1 unit of Phusion DNA Polymerase (Thermo). To remove methylated template DNA, PCR product was digest using DpnI at 37 • C overnight, in a reaction volume of 50 µL containing 44 µL of PCR product, 1x Tango buffer, 10 units of DpnI (Thermo). Then, T4 Polynucleotide Kinase (NEB) was used to add phosphate to 5 terminus of PCR product. The reaction mixture consisting of 17 µL of DpnI-treated PCR product, 1x T4 DNA ligase buffer, and 10 units of T4 Polynucleotide Kinase, was incubated at 37 • C for 30 min, followed by heat inactivation at 65 • C for 20 min. The phosphorylated PCR product was self-ligated using Solution I (Takara). A reaction volume of 20 µL containing 10 µL of phosphorylated PCR product and 10 µL of Solution I was incubated at 16 • C for 2 h. The ligation mixture was directly transformed into E. coli DH5α.
The assay of catechol 2,3-dioxygenase activity was performed as described without modification (Ingram et al., 1989) .
Determination of DNA Sulfur-Modified Sites
To determine sulfur-modified sites near dndB promoter region, genomic DNA from S. lividan wild-type or mutant strains FIGURE 2 | Validation of S9 and S12 sulfur-modified sites. (A) Validation scheme for the S9 and S12 sulfur-modified sites. Genomic DNA samples from 1326/pJTU3707, 1326/pJTU3725, 1326/pJTU3708, and 1326/pJTU3726 were, respectively, subjected to digestion with PstI, followed by treatment with PAA. pJTU3707, PdndB-xylE reporter plasmid; pJTU3725, pJTU3707 derivative with mutation in S12 site; pJTU3708, PdndA-xylE reporter plasmid; pJTU3726, pJTU3708 derivative with mutation in S9 site. (B) The effect of mutation in S9 or S12 site on DNA degradation. After digestion with PstI and treatment with PAA, DNA was separated on 0.7% agarose gel, and Southern blotting was performed. "+" indicates PAA treatment; "−" indicates no PAA treatment. DNA markers for Southern blotting are labeled as "M3."
was sequentially treated with restriction endonuclease and PAA. Treatment with PAA of DNA was conducted based on the protocol of Xie et al. (2012) . Then treated DNA was separated by running agarose gel electrophoresis. Finally, Southern blotting was performed to determine DNA sulfurmodified sites. Southern blotting was conducted according to manufacturer's instructions (Roche).
Quantitative RT-PCR
RNA was isolated from S. lividans strains, and RNA concentration was measured using the NanoDrop 2000 Spectrophotometer (Thermo). Genomic DNA was removed using RNase-free DNase I, and elimination of DNA from RNA was further confirmed using PCR. Reverse transcription was conducted with the cDNA Synthesis Kit (Thermo), and the resulting cDNA was used as the template for quantitative real-time PCR. The expression of dndC, dndD, and dndE was quantitatively analyzed; rrnA encoding 16s rRNA was used as the internal control. Forward and reverse primers are listed in Supplementary Table S2 . PCR products were examined by electrophoresis on a Histogram showing assays of quantitative catechol 2,3-dioxygenase activity from 1326/pJTU3707, 1326/pJTU3724, 1326/pJTU3725, and 1326/pJTU3727. pJTU3724, pJTU3707 derivative with single mutation in S9 site; pJTU3727, pJTU3707 derivative with double mutations in S9 and S12 sites. * P < 0.05; * * P < 0.01. Three replicates were performed.
1.2% agarose gel and visualized by staining with ethidium bromide.
For quantitative real-time PCR, reactions were performed on an ABI7500 Fast Real Time System (Applied Biosystems). A reaction mixture of 25 µL contained 1 or 150 ng of cDNA (1 ng for reference gene, 150 ng for target gene), 50 nM forward and reverse primers, and 12.5 µL SYBR Green qPCR Master Mix (Thermo). The conditions for PCR amplification were 95 • C for 10 min, followed by 40 cycles of 95 • C for 15 s, 60 • C for 1 min. A dissociation curve ranging from 55 to 90 • C in 0.5 • C increments, with a dwell time of 30 s, was performed to assess the specificity of the reactions.
Quantification of Sulfur-Modified Sites in Genomic DNA
DNA sulfur modification level was analyzed according to the protocol of Cao et al. (2014a) . Briefly, 50 µg of genomic DNA in 89 µL of water was digested with 1 unit of P1 nuclease (Sigma) in 1x nuclease P1 buffer (30 mM NaAc pH 5.3, 5 mM ZnCl2, 50 mM NaCl) at 37 • C overnight. Then 1 unit of FastAP (Thermo) and 1x FAST AP buffer were added to the mixture and incubated further at 37 • C for 4 h. The tubes were then boiled for 10 min and centrifuged at 18,000 g for 20 min at 4 • C. The reaction supernatant was loaded into an Amicon Ultra 0.5 mL Centrifugal Filter (Merck) and centrifuged at 8000 g for 2 h at 4 • C. Twenty microliter of the filtrate were loaded onto an Agilent-C18 reverse-phase column (250 mm × 4.6 mm, 5 µm), fitted to an Agilent 1290-MS 6230 HPLC. The solvents were solvent A: 0.1% acetic acid in water and solvent B: 0.1% acetic acid in acetonitrile. The flow rate was 0.4 mL/min and the temperature was 30 • C. Gradient conditions were 1-13% solvent B for 10 min, 13-30% solvent B for 20 min and 1% solvent B for 10 min. Ionization was set in positive mode, gas flow was 10 L/min, nebulizer pressure was 30 psi, drying gas temperature was 325 • C and capillary voltage 3100 V.
FIGURE 4 | The effect of mutation in S9 and S12 sulfur-modified sites on DNA sulfur modification level. pHZ1904 and its derivatives were transferred into HXY6 through conjugation, and DNA sulfur modification abundance for each strain was compared. pJTU3728, pHZ1904 derivative with single mutation in S9 site; pJTU3729, pHZ1904 derivative with single mutation in S12 site; pJTU3730, pHZ1904 derivative with double mutations in S9 and S12 sites. * P < 0.05. Three replicates were performed.
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RESULTS
Determination of DNA Sulfur-Modified Sites Near the dndB Promoter
To study the effects of DNA sulfur-modified sites near the dndB promoter on dndB gene transcription, we first identified DNA sulfur-modified sites near the dndB promoter. Because DNA sulfur modification in S. lividans occurs in the conserved sequence CGGCC or GGCCG (Liang et al., 2007) , the fragment containing the dndA gene, dndB gene, and intergenic region harbored a total of 14 possible DNA sulfur-modified sites ( Figure 1A) .
The strategy to identify DNA sulfur-modified sites was as follows. First, genomic DNA from strains 1326, HXY2, and HXY6 were digested with restriction endoenzymes, such as XhoI or SmaI. Strain HXY2 is a dndB gene in-frame deletion mutant while HXY6 is a dndABCDE gene cluster deletion mutant; both strains were derived from S. lividans 1326. DNA was then treated with peracetic acid (PAA) to specifically cleave genomic DNA at DNA sulfur-modified sites, and separated on agarose gels in TAE buffer plus thiourea. Finally, Southern blotting was performed.
As shown in Figure 1B , the sample from strain HXY6 did not produce any bands, indicating that the probe used in hybridization was very specific. DNA from strain 1326 produced one band if digested with XhoI or SmaI; PAA treatment following digestion with the restriction endoenzyme produced four smaller degradation bands. These results suggested that the fragment containing the dndA gene, dndB gene, and intergenic region harbored two DNA sulfur-modified sites. Based on the sizes of these small degraded bands, we speculated that the possible DNA sulfur-modified sites in this fragment were S9 and S12, which are located at nt positions −343 and +329 relative to the transcription start site of the dndB gene, respectively.
To verify that S9 and S12 sites were sulfur-modified, we mutated the S12 site in pJTU3707 and the S9 site in pJTU3708 (Figure 2A) , producing pJTU3725 and pJTU3726, respectively. pJTU3707 was derived from pSET152 and carried the PdndB-xylE construct. The direction of the dndB promoter in pJTU3708 was opposite to that in pJTU3707. Then, pJTU3707, pJTU3708, pJTU3725, and pJTU3726 were transferred into S. lividans 1326 through conjugation. Genomic DNA from the resulting S. lividans strains was digested with PstI, and sequentially subjected to PAA treatment, separation by agarose gel electrophoresis, and Southern blotting. As shown in Figure 2B , 1326/pJTU3707 and 1326/pJTU3708 both produced a degraded band at around 1 kb, and mutation of S9 and S12 sites eliminated the degraded band, respectively. These results suggested that the S9 and S12 sites were sulfurmodified.
Effects of Sulfur-Modified Sites on dndB Gene Expression
To test whether DNA sulfur modification affected gene expression, pJTU3707 was transferred into strains HXY1 and HXY3 through conjugation. Strain HXY1 harbored a dndA gene deletion mutation, and HXY3 harbored a dndC gene deletion mutation. Both strains were derived from S. lividans 1326. Because dndA and dndC are both required for DNA sulfur modification, strains HXY1 and HXY3 did not possess DNA sulfur modification activity. A comparison of the catechol 2,3-dioxygenase activities of 1326/pJTU3707, HXY1/pJTU3707, and HXY3/pJTU3707 showed that transcription of the dndB gene increased about 60-80% upon loss of DNA sulfur modification ( Figure 3A) . These findings suggested that DNA sulfur modification may repress the expression of the dndB gene.
To further confirm these findings, we mutated the S9 and S12 sites to test the effects of mutation on dndB gene expression. As shown in Figure 3B , a comparison of catechol 2,3-dioxygenase activities showed that single mutation of the S9 or S12 site had no apparent effect on dndB gene transcription. However, double mutation of both sites caused a significant increase in dndB gene expression. We mutated the S9 and S12 sites on pHZ1904 to test the effects of mutation on the phenotype. Single mutation of the S9 or S12 site had no effect on DNA sulfur modification abundance; in contrast, double mutation of both sites significantly elevated DNA sulfur modification levels (Figure 4) . These results confirmed that DNA sulfur-modified sites near the dndB promoter affected dndB gene expression, but in a manner dependent on the number of DNA sulfur-modified sites.
Identification of the Positive Regulatory Sequence of dndB Gene Transcription
In our previous work, we identified the transcription initiation site and −10 region of the dndB gene in S. lividans 1326. Our results showed that the inverted repeat sequence (R repeat sequence) consisting of R1 and R2 was located near the −10 region of the dndB gene, and was a potential regulatory sequence. R1 and R2 in pJTU3707 were mutated, and the activity of catechol 2,3-dioxygenase was compared. We found that mutation of R1 did not affect the activity of the dndB promoter. However, the transcriptional activity of the dndB promoter was almost absent after R2 mutation (Figure 5 ). These findings suggested that the R repeat sequence was a positive regulatory sequence for the dndB gene and that R2 played a key role.
Because the dndBCDE genes constitute an operon, R2 may affect the transcription of the dndCDE genes to alter the abundance of DNA sulfur modification. To verify this hypothesis, the R2 sequence in plasmid pHZ1904 carrying the dndABCDE gene cluster was mutated, producing pJTU3731. Next, pHZ1904 and pJTU3731 were transferred into strain HXY6 through conjugation. Strain HXY6 was the dndABCDE gene cluster deletion mutant of the wild-type strain S. lividans 1326. Mutation of R2 resulted in decreased transcription of dndC (Figure 6A) , dndD ( Figure 6B) , and dndE ( Figure 6C) . Mutation of R2 also caused a eightfold decrease in the level of DNA sulfur modification ( Figure 6D) . These results suggested that the R repeat sequence consisting of R1 and R2 positively regulated the expression of dndBCDE genes to affect the level of DNA sulfur modification.
DISCUSSION
Several studies have confirmed that DNA sulfur modification is a bacterial restriction-modification system. However, nearly half of the 1349 identified dnd gene clusters only possess the modification function and lack the restriction function (Tong et al., 2018) . Thus, for strains lacking the restriction function, the role DNA sulfur modification plays is still unclear. In this study, we compared dndB gene expression between the S. lividans wildtype strain and dnd gene deletion mutant strains and analyzed the effects of mutating DNA sulfur-modified sites on dndB gene transcription. Our results clearly confirmed that DNA sulfurmodified sites regulate gene expression.
DNA sulfur modification is incomplete at genomic sites. For example, only 12% of GAAC/GTTC sites on the genome are sulfur-modified in E. coli B7A (Cao et al., 2014a) . Here, we demonstrated that 2 of 14 putative sulfur-modified sites were modified. Importantly, sulfur modification did not randomly occur in the 14 putative sites, but constantly occurred in the S9 and S12 sites, which indicated that the sequence of the sulfurmodified site may be different from that of the unmodified site. Indeed, the S9 and S12 sites both harbored the sequence GCCGGCC, which is different from the sequences of the 12 unmodified sites ( Figure 1A) . It suggested that GCCGGCC may be the conserved context of sulfur-modified sites in S. lividans. The conserved sequence of the sulfur-modified site may recruit transcriptional regulators to form complexes, thereby interfering with the function of RNA polymerase, and eventually repressing gene expression.
Our study showed that single mutation of the S9 or S12 site had no significant effect on dndB gene transcription, whereas double mutations in S9 and S12 sites affected dndB gene expression. These findings suggested that repression by DNA sulfur modification may rely on the number of sulfur-modified sequences. More sulfur-modified sequences may strengthen the interactions between some proteins and the sulfur-modified sites, thereby forming tight complexes and eventually elevating the repression of gene expression.
When analyzing the cis-acting elements affecting dndB gene expression, we identified an inverted repeat sequence, the R repeat sequence, which was involved in positive regulation of dndB gene transcription. Regulation of the dndBCDE gene cluster in Salmonella has been reported. In Salmonella, DndB protein binds to the promoter region of the dndB gene to inhibit the expression of the dndBCDE gene cluster (Cheng et al., 2015; He et al., 2015) . Because the R repeat sequence in S. lividans is a positive regulatory sequence, the mechanism regulating dndB gene expression in S. lividans is different from that in Salmonella. DndB protein in S. lividans is a negative regulator of dndB gene expression. Thus, the protein binding to the R repeat sequence may not be DndB protein, and DNA affinity assays should be used to identify the protein binding to the R repeat sequence.
In summary, our results showed that DNA sulfur-modified sites near the dndB promoter region repressed dndB gene expression in a manner dependent on the number of sulfurmodified sites. The inverted repeat sequence (the R repeat sequence) was identified as a positive regulatory sequence of dndB gene expression.
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